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Tightly bound ion (TBI) model at all-atom level

The original Tightly bound ion (TBI) model was based on ceagsained structures [1]-[4]. Here we
develop a new TBI model that can treat all-atom structures.

For multivalent ions such as Mgions, the higher charge and thus the strong Coulomb interact
between the ions can cause strong coupling (correlatidamdan the ions. To treat suckfects, according
to the correlation strength, we classify the counterione two types [1]-[6]: the strongly and weakly
correlated ions, denoted as the tightly bound arftusive ions, respectively. Correspondingly, the space
occupied by these ions are denoted as the tightly boundrregid difusive region, respectively; see Fig. 1
for examples of the tightly bound regions for th&edrent structures. For thefflisive ions, we use the mean-
field (PB) approach, while for the tightly bound ions, we memtisider discrete modes of ion distributions
to account for the ion-ion correlatiortfect. For a mixed monovalent and multivalent ion solutiorgase
the correlation fect for the monovalent ions is negligible, monovalent ioss be treated asfiiusive ions
that form a background for multivalent ion binding.

Evaluation of ion correlation requires enumeration of tiseigkte distributions of the tightly bound ions
and calculation of the free energy of the system for eachngioe distribution mode. To enumerate the
discrete ion distributions, for aN-nt RNA, we divide the tightly bound region intd cells, each around
a phosphate. There exist a large number of “modes” (“bindiogles”) of ion distributions represented as
the diferent ways to partition the tightly bound ions into th&elient cells. The total partition functichis
given by the summation over all the possible binding mddes

Z:ZZM. (1)
M

Zy, is the partition function for a given binding modi& [1]-[4]

Np
Zy = Z0 (c) ( f ndRi] e—(AGb+AGd+AG§°')/kBT, )
i=1

whereZ(9 is the partition function for the uniform ion solution (wiht the polyelectrolyte).c, is the
concentration og-valent counterionsN; is the number of tightly bound ions anfd[*, dR; is the volume
integral for theN, tightly bound ions.



AGy in Eq. 2 is the mean Coulombic interaction energy betweethallcharge pairs (including the
phosphates and the tightly bound ions) in the tightly bowegian. AG, is calculated as the summation of
pair-wise potentials of mean force [1]-[4]

AGy = ) ®a(i) + ) @i, j), (3)
i i

where®,(i) is the potential of mean force between charges within alfidiound celli, and®,(i, j) is the
interaction energy between charges iffetient tightly bound cells and j. Because a ion-binding mode
specifies only the number (instead of the specific locatiohshe ions, we average over all the possible
locations of the ions to compute the potential of mean foheghe calculations, to account for the solvent
polarization &ect, we apply the generalized Born (GB) model in the comparadf ®@,(i) and @i, j)
[8]-[10]; see Ref. [4, 6] for detalils.

AGyq in EqQ. 2 contains three parts: the free energy for the elsttic interactions between thetdisive
ions and between theftlisive ions and the charges in the tightly bound region anenipic free energy
of the difusive ions.AGy is calculated by [1]-[6, 7]:

AG= 3 [ Y emzawo +voldr et [ z[ca«)m@;g” — () + 2| ofr, (4)

wherey/(r) andy(r) are the electrostatic potentials for system without antth whe difusive salt ions,
respectively.y/(r) is used here sincg(r) — ¢/(r) gives the contribution to the potential from thefdsive
ions.y(r) andy’(r) are obtained through solving the PB and the Poisson eaqstiespectively.

AGEO' in Eq. 2 is the (Born) self-polarization energy for the detercharges in the tightly bound region
[4], and is computed as the sum of Born (self-)energies ahaltliscrete charges (including tNephosphate
charges andl, tightly bound ions) inside the tightly bound region [4, 6]:

AGE = ) ®ofi). (5)

wheredy(i) is Born (self-) energy for charges inside thth tightly bound cell; see Ref. [4] for the detailed
calculations.
Based on the above formulas, the electrostatic free energy RNA in ion solutions is computed by

Ge = —ksTIn(2/209) = —ksT In Z (Zu/Z'9), (6)
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and other electrostatic properties can also be computedghrthe partition functions.
Computation procedure and atomistic parameter sets

In the all-atomic TBI model, for an atomistic nucleic acidusture (e.g., from PDB or NDB data), the
different types of atoms are treated as hard-core spheres wittadii determined by the respective van
der Waals radii which has been tabulated in Table S1 in StipgoMaterial. Each phosphate (P) atom
is considered to carry one unit negative charge at its centate other types of atoms (C, O, N, etc) are

treated as neutral spheres. The molecular van der Waalslhnudefines a dielectric boundary: inside is
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continuous molecular interior with a low dielectric comgtand outside is the continuous solvent with a
high dielectric constant.

In the first step, for the given all-atom structure, we solve PB equation to obtain the counterion
distributions, from which we determine the tightly boundioa for the multivalent counterions [1]-[4].

Second, we compute the pair-wise potentials of mean f@i¢9 and®,(i, j) and Born energy(i). In
order to account for the dielectric discontinuity, we apihlg generalized Born model for the calculations
of the pair-wise charge-charge interactions and the sédfzation energy of discrete charges [8]-[10]. The
Born radii for discrete charges are estimated from the wae method proposed by Hawkins [9], and the
scaling parameters for atoms are taken the values in RdfwHi@h are tabulated according to the types of
atoms; see Table S2. In the calculations®g(i), ®,(i, j) and®q(i), the volume exclusion between ions and
nucleic acid atoms are accounted for by a truncated Ler@rdsJpotential:

1 1
u = UO(m_r_ﬁ) forr <1

0 forr > 1

wherer is the distance between an ion and an atom in the unit of theo$tineir radii. The parameter, is
taken as 0.35 since the exclusion between the hydrated mhtha molecular atoms are soft due to the soft
H-atom exclusion. The calculated potentials of mean fdrgg) and®,(i, j) and the Born energ®y(i) are
tabulated and stored for the the calculations of the pantitunction in the next step.

Third, we enumerate the possible binding modes. For eaclepwel calculateAGy,, AGy, andAGE‘"
(Eq. 2). The sum over the binding modes gives the total pamtfunctionZ (Eq. 1) [1, 2, 6], from which
we can calculate the electrostatic free energy.

We assume that ions are hydrated [1]-[6] and the ionic radiiemual to 3.5 A for N 4.5 A for
Mg?*, and 4 A for K [1]-[4, 11], respectively. We will also use a smaller divatiéon (with radius
~ 3.5A) for the purpose of examining the ion sizfeet in the PB calculations. Here, the dielectric con-
stante of nucleic acid interior is set to be 20 [1, 4], aadf solvent is set as the value of water [12]:
e(t) = 87.740—- 0.4008x t + 9.398x 10 x t? — 1.41 x 1078 x t3, wheret is the temperature in Celsius.
At 25°C, € ~ 78. In the PB calculation, a thin charge-free layer of thessof a cation radius is added to
the molecular surface to account for the excluded volumerlafthe cations [1]-[4]. The PB equation and
the detailed ion distribution near the molecules are sobgag the three-step focusing process [1]-[4]. For
each run, the electrostatic potentials are iterated to @wergance ok 10*kgT/g. The resolution of the first
run varies with the grid size in order to make the iterativecesss viable, and the resolutions for the second
and third runs are 1.36 A per grid and 0.68 A per grid, respelsti Our results are robust as tested against
the different grid sizes.

Calculating @4(i), ®,(i, j) and ®g(i) with the generalized Born model

As described in main text, we apply the generalized Born (@Bjlel to account for the RNAolvent
dielectric dfects for the tightly bound ions. In this appendix, we show kmaompute the pair-wise potential
of mean forces,(i), ®(i, j) and the polarization energyG* with the generalized Born (GB) model [8]-
[10]; see Egs. 3 and 5 in Methods.

(1) @4(i) andd,(i, j) are calculated as the average over all the possible pasR®f the tightly bound



ions in the respective tightly bound cells [1]-[6]:
D4(i) = —kgT In(e iRVkeTy @i, j) = —kgT In(e HiRiRIkeTy, (7)

whereu; is the electrostatic interactions for the charges in calhdu;; is the electrostatic interactions
between the charges in twofldirent cellsi and j. In the calculations forD,(i) and ®,(i, j), as shown
below, we use the GB model to account for the polarizationggnédue to dielectric discontinuity at the
RNA/solvent interface) [8]-[10].

In the GB model, the electrostatic pair-wise interactigrbetween twoi(+# j) chargesy andg; is given

by

up = ul?+ul; (8)
1 1 gi9;
pol  _ (= _ = J .
uij B (ep GW) \/dz +aia; _d2 Aaiar ’ (9)
i QlaJeXp( ij/( IQJ))
1 qgiq;
o _ = ]
uij - € dij ’ (10)

wheree, (= 20) ande, (= 78) are the dielectric constants of RNA interior and solveeﬂ;pectivelyuﬁo'
is the polarization energy aruﬂj is the Coulombic interaction energy in the uniform mediundi@iectric
constank,. d;; is the distance between the two chargesande; are the Born radii for the two charges
andg;.

(2) @o(i) in Eg. 5 is the Born energy for charges inside tka tightly bound cell. For illustrative
purpose, we assume there is one tightly bound ion in-thesell. ®q(i) is calculated from an averaging over
all the possible positionR; of the ion [4]:

Do(i) = —kgTIn(e CUF+AU ) keTy, (11)

whereAUR” = AUZ (i, R;) andAU™ = AU (i, R)) are the self-energies of the phosphiaad of the ion
(at positionR;), respectively(...) denotes the averaging over all the possible ion posifigngthin the cell.
With the GB approximation, we compue) 2 (i, R;) andAU ™ (i, R;) using the following formulas [4];

AUgOI(i,Ri):—(i—i) q|23 . AUlpd(i,Ri):_(i_i)( 1 i)q—lz (12)

e &) 20p(i, R)’ € €w aq(i,Ri)_a/? 2

whereap(i, R) ande (i, R;) are the Born radii for the phosphatand the ion aR;, respectively.a? is the
Born radius for an isolated ion.

(3) In the TBI model, we use a pair-wise method to calculageBbrn radiusy; [9]-[10] for a charge
in the tightly bound region [4]:

1 1 1
—_ = — = = A, 13
. T a2l (13)
1 1) (Sfa dj)(1 1 1, L
A = [—-— —— ||l === |+ —In— 14
’ (Li,- uij)+[4di,- a)\z " uz) " 2dy oy (14)



where

- 1 if & > d; + Sjay;
. _{ max@, dij - Sja) if & < dj + S;aj, (15)
and
L 1 ifaiZdij+Sjaj;
UIJ _{ dij+Sjaj if <di,-+S,-a,-. (16)

Here, > ; denotes the sum over all the atordg,is the distance between chargand atomj, & anda; are
the radii for the chargeand atomj. S; is the structural scaling parameter and is equal to unityafe is no
overlap between atoms. Generaly, < 1 for a realistic molecule. For fierent types of atoms in nucleic
acids, the used scaling factSy are tabulated in Table S2 in the Supporting Material. Fos jthe scaling
parametes is taken as 1 since there is no overlap between ions and o@diei molecules.

The Born radii for the charges (including phosphates antutltigopound ions) inside the tightly bound
region are calculated with the method (Eq. 13) indicated p8r (1) For the Born radius of bare phosphates
(without tightly bound ions), the summation in Eq. 13 is oakthe atoms in RNA model. (2) For the Born
radius of phosphates with tightly bound ions, the contrdyuof the bound ion is accounted for by including
an additional term4;) in the summation (Eq. 13). (3) For the tightly bound ions, aaéculate the Born
radii on the grids. The Born radius for an ion at an arbitraogifpon in the tightly bound region can be
approximated to be that on the closest grid point.



Table S1: van der Waals radii used in atomic TBI m8del
atom types P C N O H
van der Waals radii () 1.9 1.7 1.6 15 1.0

aThe van der Waals radii (A) are taken from hitwww.rbvi.ucsf.edichimergcurrentdocgUsersGuidgnidagvdwtables.html.

Table S2: Scaling parameters used in atomic TBI nibdel
atom types P C N @] H
scaling parameters 0.86 0.72 0.79 0.85 0.85

a The scaling parameters forftirent types of atoms are taken from Ref. [10] in Supportindge¥ial.
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FIGURE S5 The equivalent relations between [f1¢ (in mM) and [Na] (in mM) in ionic neutralization for RNA
molecules, i.e, Byge- = fyar. (A) RNA duplexes with dierent lengths; (B) Four RNA tertiary folds: BWYV
pseudoknot, 58-nt rRNA fragment, HIV-1 DIS kissing complexd yeast tRNA" The lines are from the
empirical formula (Eq. 4 in main text), and the symbols aeedhta from the TBI's calculations.
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FIGURE S6 The Mg and Nd binding fractions per nucleotide for various nucleic acidleeules. The lines are
from the empirical formulas (Eq. 6); and the symbols are rpental data. (A) 24-bp DNA duplex in 20mM
Na*. The experimental data are given in Fig. 2A; (B) 24-bp DNA léxgn 5mM Mg?*. The experimental
data are given in Fig. 2B; (C ) 40-bp RNA duplex. The experitakdata are for poly(A.U) and the reference
is given in Figs. 2CD. From the left to right, [Ng=10mM, 29mM, 60mM, and 100mM, respectively; (D)
40-bp DNA duplex. The experimental data are for calf thymdACand are given in Figs. 2EF; (E) BWYV
pseudoknot RNA. The experimental data are given in Figs.;3KBYeast tRNA" The experimental data are
given in Figs. 3EF.
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